Abstract: Human cartilage derived cells were encapsulated in alginate hydrogel beads. Viability of the cells was determined using both qualitative (microscopy) and quantitative (MTT and NR assays) examination. Microscopy indicated that encapsulated cells remained viable during the 7-days experiment. The quantitative tests failed to give reliable results. Possible factors affecting the results of the quantitative study are discussed.
Introduction
Since 1980, when Lim and Sun created hybridoma and encapsulated Langerhans islets in alginate hydrogel, this kind of polymer has become one of the most frequently examined materials for tissue engineering applications, especially for cartilage regeneration [1] [2] [3] [4] . The general idea of cartilage tissue reconstruction is based on chondrocyte transplantation (Fig.1 ).
Cells isolated from autologous tissue are expanded in vitro. The next step is immobilization of chondrocytes, for example in alginate hydrogel. Cells embedded in alginate may be implanted directly into a damaged site, but unfortunately rather poor mechanical properties of such a cell-polymer construct limited its clinical application. To overcome these difficulties, cells embedded in alginate hydrogel might be combined with solid porous polymer scaffold (e.g., PCL, PLA), which leads to the creation of a biological device potentially applicable for cartilage tissue reconstruction [5, 6] . The aim of this study was: 1) encapsulation of human cartilage derived cells (HCDC) in alginate hydrogel beads, and 2) evaluation of a method for viability determination of encapsulated cells. 1
Fig. 1. General method for cartilage tissue regeneration

Experimental part
Human chondrocytes used in this experiment were isolated from cartilage tissue harvested during surgery, which would be otherwise discarded. Before use in the experiment, chondrocytes were grown in primary culture in 25-cm 2 tissue culture polystyrene (TCPS) flasks. The culture was carried out in an incubator, under standard conditions (37°C, 90% humidity, 5% CO 2 ). Culture medium, based on nutrient mixture F-12 (HAM) (GIBCO BRL) was supplemented with 10% (v/v) heatinactivated foetal bovine serum (FBS). Confluent cell culture was trypsinized and, after centrifugation, chondrocytes were suspended in the medium.
Sodium alginate powder (Sigma-Aldrich) was dissolved in culture medium and then mixed with chondrocyte suspension (final alginate concentration 1,5% (w/v)). The cell-alginate mixture (cell concentration 3,7x10 4 cells/ml) was pumped dropwise through a 20-gauge syringe needle into a solution containing 0,1 M CaCl 2 and 0,15 M NaCl, to promote alginate polymerization. After a 5-min polymerization, beads were rinsed with 0,15 M NaCl and then transferred to a 24-well TCPS plate. Therefore, only cells entrapped in alginate beads were observed during the further steps of the experiment. The cell encapsulation method is presented in Fig. 2 .
All steps of the study were performed in two experimental groups: 1) cell-containing beads, and 2) empty beads.
Chondrocytes seeded on the surface of TCPS plate served as a positive control.
The culture was grown in an incubator under standard conditions for 7 days.
Next, a qualitative study was performed. Under the microscope, neutral red stain (NR) accumulation in lysosomes of living cells and formazan crystals formation in viable cells (MTT assay) were observed. Additionally, two fluorescence dyes specific for DNA, Hoechst (stains viable and dead cells nuclei) and propidium iodide (PI, stains only dead cell nuclei), were used to visualize encapsulated cells.
In a quantitative study two colorimetric tests routinely used in toxicology in vitro, MTT and NR, were used. The MTT test is based on the reduction of yellow tetrazolium MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) by metabolically active cells into insoluble purple formazan crystals. The product of the reaction can be solubilized and quantified spectrophotometrically.
The neutral red (NR) cytotoxicity assay is based on the ability to incorporate and bind neutral red (a supravital dye) in lysosomes of viable cells. At the end of the test the dye is extracted from and its amount is measured spectrophotometrically.
The absorbance level in both assays was read in an ELISA type reader. The results for empty beads were subtracted from the results for cell-containing beads. Similarly, for positive control, the results for empty wells were subtracted from cell-seeded wells. Then, the absorbance measurements for encapsulated cells were compared to the positive control -the cells cultured on TCPS. 
Results and discussion
In microscopy examination of encapsulated chondrocytes, cells were visualised in the whole 3-D structure of the capsules (Fig. 3) . During MTT and NR assays, formazan crystals and NR stain in living cells were observed (Figs. 4 and 5 ).
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Viable and dead cell nuclei were stained with Hoechst (positive staining for all cells) and propidium iodide (positive staining for dead cells) dyes (Figs. 6 and 7) . Only few cells were found to be dead. (Figs. 8 and 9 ). Microscopy observations and cell detection inside the alginate beads (Figs. 3, 4 and 5) point out that human chondrocytes used in this study were successfully encapsulated within the hydrogel matrix. In the qualitative study three factors -1) formazan crystals visualization, 2) positive NR staining, and 3) positive PI staining only in few cells -indicate that cells encapsulated in alginate hydrogel remain viable during the 7-day long culture. The results of qualitative examination, especially the MTT assay, do not confirm these qualitative observations. Our suggestion is that the results obtained in quantitative routine tests applied to cells encapsulated in the hydrogel may be erroneous. One of the possible factors that can influence the results of MTT and NR assays may be the efficiency of diffusion through the alginate capsule wall. Both MTT and NR procedures are multistep (Fig. 10) . The first stage of the MTT test is the supply of the substrate. This substrate (MTT salt) diffuses to the encapsulated cells at different rates, depending on chondrocyte localization inside the bead. This kind of 'time delay' is difficult to estimate and may be crucial for the results obtained.
In the second step, the substrate is converted by mitochondrial dehydrogenase into formazan crystals, which are insoluble in water. The next two steps, dissolution of the crystals as well as releasing the product to the medium, are also diffusion-dependent processes, and may cause unreliability of the results.
There are other methods for cell viability evaluation, for example WST-1, MTS and XTT assays. In these tests, the products are soluble in aqueous solution, which may allow an easier and more reproducible determination of the mitochondrial cell activity. However, more simple XTT and WST-1 are still diffusion-dependent assays and, therefore, the efficiency of diffusion should be taken into account during the inter-5 pretation of the results. In our study we decided to use these assays because the final products may be visualized and, thus, microscopy observations served as a qualitative control for the quantitative measurements.
The NR assay is based on the accumulation of neutral red dye in lysosomes of viable cells. The procedure includes: NR stain supply, rinsing, detergent supply (enables destruction of viable cells) and stain release to the medium. Similarly to the MTT test, the diffusion plays a critical role at each stage of the NR assay, especially in rinsing.
If not enough attention is paid to this step, the unwashed NR dye remaining inside alginate beads will influence the results. In addition, NR dye crystals may be formed in the stock solution before it is used. To avoid such situation, NR stock solution is routinely filtered prior to use. In our study, to exclude the influence of crystals, NR dye solution was additionally centrifuged. However, pictures taken during NR assay indicate that small amounts of crystals were present inside the experimental plate wells (data not shown). Even though the results for empty beads were subtracted from cell-containing beads, these microscopy observations still suggest that NR crystals may cause some irreproducibility of the assay, and this factor should be taken into consideration. That is probably the reason why NR assay results differ in the three runs of experiments (Fig. 9) . The second factor affecting the results of the quantitative study may be cell density.
To compare the results of MTT and NR tests for encapsulated chondrocytes with positive control, a cell density typical of a 2-D culture was used. Other authors use higher cell densities, but they present their results as raw absorbance values, not comparing them with a positive control [7] [8] [9] [10] .
The method for the encapsulation of chondrocytes in alginate hydrogel is not new [1] [2] [3] . It seems to be a promising tool in supplying cells to the implantation site. In order to optimize the cell encapsulation method for a particular application the appropriate 6 experimental system would require determining number and functions of viable cells. As can be judged on the basis of the results reported in this paper, a modification of the tests routinely used in toxicology in vitro is necessary to obtain reliable results in encapsulated cell systems.
Conclusions
Microencapsulation method used in this study allows immobilizing human cartilage derived cells in alginate beads. As can be judged on the basis of qualitative examinations of cell viability, the cells survive the encapsulation procedure that was used in this work.
Visualization of formazan crystals and neutral red stain in capsules during MTT and NR assays enable a qualitative determination of the viability of the encapsulated human cartilage derived cells. Protocols of MTT and NR quantitative tests used in this study did not allow estimating objectively the viability of the immobilized cells.
